We study crossing vortices in strongly anisotropic Bi 2 Sr 2 CaCu 2 O 8 single crystals. Using scanning Hall probe microscopy and Bitter decoration techniques, we find an asymmetry of magnetic field profiles produced by pancake vortices (PVs), which are interacting with Josephson vortices (JVs), near the surface of the crystal. We attribute the observed asymmetry to a substantial tilt (14 -18 degrees) of PV stacks, which is produced by the torque due to the surface currents and JVs. We calculate the tilt angle and obtain agreement with experimental data when the irreversible in-plane magnetization is included. A further refinement to the model is considered which accounts for a reduction in the PV stack line tension near the sample surface. DOI: 10.1103/PhysRevLett.94.067001 PACS numbers: 74.25.Qt, 74.25.Ha, 74.72.Hs Among the most exciting vortex states in layered superconductors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] are the crossing lattices where a tilted magnetic field generates two relatively independent lattices [4 -7]: a greatly stretched rhombic lattice of Josephson vortices (JVs) (running parallel to the a-b plane) and the perpendicular Abrikosov lattice of pancake vortex (PV) stacks (normal to the CuO 2 layers). Crossing vortices in layered superconductors experience an attraction [7, 9] . As a result, some PV stacks become ''trapped'' by JVs and make vortex chains along JV lines, effectively ''decorating'' them [10] .
Among the most exciting vortex states in layered superconductors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] are the crossing lattices where a tilted magnetic field generates two relatively independent lattices [4 -7] : a greatly stretched rhombic lattice of Josephson vortices (JVs) (running parallel to the a-b plane) and the perpendicular Abrikosov lattice of pancake vortex (PV) stacks (normal to the CuO 2 layers). Crossing vortices in layered superconductors experience an attraction [7, 9] . As a result, some PV stacks become ''trapped'' by JVs and make vortex chains along JV lines, effectively ''decorating'' them [10] .
Crossing vortices are a topic of major current interest. The trapped PV stacks (chain vortices) allow one to study the Josephson vortex behavior which is difficult to elucidate by other means [10 -12] . Furthermore, the PV-JV interactions promise a variety of interesting applications including vortex pumps, lenses, and a distant prospect of vortex logic [10 -13] . Recently, a quantitative theory of crossing vortices has been elaborated [7] and found strong experimental support from direct observations by scanning Hall probe [10, 14] and Lorentz [12] microscopies, magneto-optics [11] , and indirect measurements of vortex melting [15] .
In this Letter, we refine the accepted picture of crossing vortices [7] . We show that the crossing PV and JV lattices are not exactly perpendicular. Instead, PV stacks are tilted with respect to the crystalline c axis under the action of the torque generated by surface and JV currents. Using two different experimental techniques of scanning Hall probe microscopy (SHPM) and Bitter decorations, we show an asymmetry of magnetic field profiles produced by PVs, which we attribute to a PV stack tilt, and estimate the tilt angle from this asymmetry. We relate the PV tilt to the inplane magnetization and describe changes in the PV line structure intersected by a JV stack near the sample surface.
The experiments were performed on freshly cleaved Bi 2 Sr 2 CaCu 2 O 8 (Bi-2212) single crystals with anisotropies in the range from 300 to 600. The anisotropy parameter was determined from the chain separation in the crossing-lattice state of vortex matter as explained in [7, 10] . The crystal sizes were in the mm range, the thickness d was about 10-100 m, and the c axis was perpendicular to the sample surface. SHPM and Bitter decoration techniques have been used to study the vortex matter. SHPM produces a map of magnetic induction perpendicular to the sample surface at a distance of 400 -600 nm above the surface [16] . In contrast, the Bitter decoration technique is sensitive to the magnetic field gradients at the sample surface [17] .
First we demonstrate that PV stacks in crossing states produce an asymmetric distribution of magnetic induction above the sample surface. Figure 1(a) shows the Bitter pattern of the sample cooled in the field of H 20 Oe applied at an angle of 70 with respect to the c axis of the crystal. Bitter decoration was performed with 15-20 nm Fe particles thermally evaporated onto the superconductor (the temperature of the sample at the moment of decoration was about 10 K). One can see the regions of the Abrikosov lattice separated by vortex chains residing on JV stacks indicated by black arrows. The chain separation c y yields the sample anisotropy parameter within the anisotropic London theory as 2c 2 y B ab = 3 p 0 300, where B ab is the in-plane component of magnetic induction and 0 is the flux quantum [7, 18] .
The insets of Fig. 1 [7] and observed in SHPM experiments [14] . In addition, the average shape of decorated PVs and, hence, the magnetic field distribution at the surface of the sample is clearly asymmetric: Compare the line scan (circles) with the mirrored line scan (the dotted line) in Fig. 1 
(b).
The asymmetry of the magnetic induction produced by PV stacks was also observed in SHPM measurements. SHPM experiments were performed on a different crystal with anisotropy 640. The sample had been zero-field cooled to the target temperature after which an ab field and a c field were applied. The figure shows two examples (T 85 K and T 83 K) where the ab field has two different magnitudes (35 Oe, 20 Oe) and two distinct directions with respect to the crystallographic a axis. The SHPM image [2(a)] contains an isolated PV stack trapped by a JV stack (the JV stack is indicated by black arrows and seen as a faint white line of ''sublimed'' PVs described in [10] which are supposed to be either tilted/kinked or melted), and 2(b) depicts a row of PV lines trapped by JVs also indicated by black arrows. The PV stack in Fig. 2 The observed asymmetry of magnetic field profiles generated by the PVs has a natural explanation in the tilt of PV lines induced by surface and JV currents, as we show below. Indeed, JV and surface currents exert Lorentz forces F JV and F s on a PV stack crossing a JV stack which displace PVs with respect to an average PV line position [7] as illustrated in Fig. 3(a) . The total force produced by the JV and surface currents on a PV line is zero; however, the net torque is not. given by [19] B z x; h s 0 2 2 X d=s n0
where u n are pancake displacements [7] and J 0 x is the Bessel function. Inserting the (homogeneous) tilt angle of a PV line as a fitting parameter, we get an excellent fit to the measured asymmetric magnetic induction profiles, virtually without free adjustable parameters [see the solid lines in Fig. 2(c) ]. The PV wandering length r w (which enters into the pancake displacements u n , see [7] ) was the only parameter adjusted near the sample surface, and care was taken to include the effects of surface barriers on the depth of the first JV beneath the sample surface [20] . For comparison, the dotted lines of Fig. 2(c) show the calculated magnetic inductions for the structured untilted PV lines, which fail to describe the asymmetry of the measured magnetic induction. The tilt angle extracted from the best fit is 18 for Fig. 2 (a) and 14 for Fig. 2(b) . The model (1) with tilted PV lines also provides a good description of the average vortex patterns obtained from Bitter decorations. Figure 1(b) shows a fit of the calculated B 2 z (proportional to the density of Fe particles) to the measured profiles of the particle distributions (the estimated tilt angle is 17 ).
The magnitudes of extracted tilt angles are in reasonable agreement with theory. Within the anisotropic London theory, the torque per unit length experienced by a PV stack equals t
where jz is the current at the position of a PV line and c is the speed of light. The torque t is compensated by the restoring torque arising from an energy change of a tilted PV stack [2] , E " 0 ln1 cos=2 cos. This gives the tilt angle of a PV line intersected by a JV stack in the bulk of the superconductor,
where " 0 0 =4 2 , ab is the ab-plane penetration depth. For our experimental case of a JV lattice with overlapping JV currents [21] [s < c z < where c z 3 p 0 =2B ab q is the distance between JVs in a stack], the torque t can be related to the in-plane magnetization M ab . Indeed, the local in-plane current can be split into the lattice averaged and oscillating contributions j y y; z hj y zi j y y; z (for an ab field applied along the x direction). The lattice averaged current determines the inplane magnetization M ab
Comparing the expressions for magnetization and the torque, we get t 0 M ab . [The difference appears due to the lattice oscillating currents j y 0; z and will be discussed elsewhere. It is small when c z < .] We conclude, therefore, that all PV stacks in the crossing states of layered superconductors should be tilted with respect to the c axis by an angle
Thus, the Abrikosov and Josephson lattices of crossing states are not exactly perpendicular. The skew angle between crossing lattices is proportional to the in-plane magnetization. The irreversible in-plane magnetization depends upon the history of the prepared state; therefore, the tilt angle is history dependent. The equilibrium magnetization is M eq ÿ 0 24 2 ln2:77B cr =B ab [22] is small (for our samples it is of the order of 1 which is much smaller than the tilt angles estimated from the asymmetry of magnetic field profiles). To evaluate the tilt angle for nonequilibrium states, we use the fact that in homogeneous Bi-2212 crystals the penetration field is determined by surface barriers [23] which yields the maximum value of magnetization as M max ÿ " 0 2B ab s 2 [24] . This maximum magnetization corresponds to the maximum possible tilt angle in the bulk for any nonequilibrium state:
The experimental tilt angle is defined by the actual in-plane magnetization and should be smaller than this maximum tilt (4). Expression (4) gives the right order of magnitude for the tilt angles discussed above ( max 60 for the conditions of the Bitter decorations shown in Fig. 1 and max 10 for the conditions of the SHPM measurements in Fig. 2) .
The described theory calculates the average PV tilt in the bulk of the superconductor. To allow a quantitative comparison with experiments it should be elaborated further to take into account additional changes of PV and JV properties near the surface of a superconductor [17, [25] [26] [27] . One change is connected with the nonlocality of the PV line tension. In the discussed case of large , the line tension is produced by an attraction of PVs of different layers and is smaller near the surface (compared to the bulk value) because of the absence of PVs above the sample. A simple estimate, that neglects thermal fluctuations and a change of PV currents near the surface of a superconductor, yields the reduction factor in line tension as 1 ÿ expÿz==2, where z is the distance measured from the surface. We illustrate the change in structuring of a PV stack intersected by JVs near the surface in Figs. 3(b) and 3(c), where the PV stack structure is calculated in the limit of electromagnetic coupling for a 1:2 m thick film. Figure 3(b) shows the equilibrium state and 3(c) the state with maximum in-plane magnetization calculated for 0:35 m, c z 40s, and 640. These calculations result in eq 0:5 and max 40 which agree with the analysis above. Figures 3(b) and 3(c) show the increase of PV displacements near the sample surface arising due to the decrease of the PV line tension (compare the bulk values of u b with the surface values u s ). As a result, the crossing energy [7] near the sample surface is twice as big as the bulk values.
The discussed structure of a PV line crossed by a JV stack has a pronounced effect on vortex interactions [28] in crossing-lattice states of layered superconductors as well as their magnetization. For example, the tilt produces a dipole moment for all PV lines (even in the Abrikosov regions in between JV stacks), which generates an attraction between PV stacks [29] . The most dramatic changes are expected for trapped PVs at high temperatures and relatively large H c fields, where T s and the equilibrium distance between PV lines along a JV stack a 2 ln=u [29] becomes comparable with the PV displacements u 2 =s [7] . This will be addressed elsewhere [30] .
